A second-order scattering (SOS) method is presented for the characterization of aqueous particle suspensions undergoing aggregation. Scattering intensities are measured at 90 by a standard fluorimeter and referenced against dynamic light scattering (DLS) measurements to determine particle size increase in a metal-promoted aggregation process for 0.05 mg/mL aqueous poly-N-isopropylacrylamide (PNIPAm), MW $10 k g/mol. Particle size increases monotonically from 30 nm to 210 nm at temperature 308 K. A further validation of the SOS method was performed using monodisperse polystyrene reference particles sized at 52 nm, 101 nm, 151 nm, and 206 nm, which demonstrated the technique's accuracy to within 6% and its versatility with respect to sample composition. The technique is ideal for monitoring colloidal stability and macromolecular assembly and it can be performed at lower concentrations than are typically used in DLS.
Introduction
Light scattering remains a reliable and widely used technique for the characterization of static or dynamic properties of macromolecules in either solution or dispersion. Techniques such as multi-angle light scattering (MALS) 1 and dynamic light scattering (DLS) 2 are often employed to characterize the physical dimensions of such polymers diluted in a continuous phase. Regardless of whether the macromolecules of interest are in solution or in the dispersed state as particles, the scattering response can be mathematically transformed with correlation functions to weight average molecular weight of the chains or the hydrodynamic particle diameter. Relevant systems typically comprise scattering entities that resist settling over analysis time through Brownian motion yet are not exclusive to static distributions; transformation from the solution state to the dispersed state and dynamic aggregation processes are often monitored by these methods. The thermoresponsive poly-N-isopropylacrylamide (PNIPAm) is of particular interest for rapid monitoring of aggregation because its lower critical solution (LCST) behavior leads to particle size changes influenced both by temperature 3 and by presence of ions. 4 Due to this behavior, it is designed into nanostructures used for chemical thermometers, [5] [6] [7] sensors, 8, 9 and drug delivery. 10, 11 The multiple influences on PNIPAm phase behavior make it desirable to have versatile methods for observing aggregation. [12] [13] [14] [15] [16] Moreover, the morphology of PNIPAmbased aggregates, from densely packed (RLCA) to more open fractal geometries (DLCA), is sensitive to the aggregation conditions (rate of temperature increase across LCST, temperature above LCST, comonomers, (macro)molecules, and/or ions present, etc.). 15, 17 A priori knowledge, or even direct characterization, of the aggregate morphology is not always easily accessible, yet certainly influences how one can process and interpret analytically measured size-related output. Describing the dynamic aggregation process of large molecules is significant towards understanding numerous behaviors including colloidal stability, 18 protein denaturation, 19 and self-assembly. 20 Monitoring size changes can be used to understand reaction kinetics 21 and is potentially life-saving when applied to the shelf life of protein-based pharmaceuticals. 22 To study the kinetics of these processes, physical methods with short timescales and high sensitivity are preferred.
Drawing on our experience with fluorescence spectroscopy as a highly sensitive measurement technique, 23 we have investigated the closely related second-order scattering (SOS) as an additional tool for characterizing particle growth. Second-order scattering refers to an optical effect where diffraction gratings redirect small portions of incident light at an angle corresponding to double the incident wavelength, em ¼ 2 ex . Second-order scattering is often considered a complication in fluorescence measurements when emission spectra overlap with 2 ex . 24 The phenomenon indicates elastic scattering by the sample and is indicative of particle suspension. Recently, several reports have cleverly induced particle assembly in order to generate SOS signals and via careful calibration determine trace analyte [25] [26] [27] and particle 28 concentrations, but to our knowledge, this scattering data have never been leveraged to characterize particle size. This static scattering technique uses intensity measurements gathered at a single angle. The value of single-angle measurements is generally limited because a given intensity value I could result from a theoretically vast number of combinations, or distributions, of particles at diameter d and quantity n, viz., I ¼ f(d, n). This can be partially addressed by varying the detection angle, as is done in MALS, but typically is also performed in line with size exclusion chromatography to increase resolution. 29 Unfortunately these rigorous separations limit the ability to actively monitor the sample and carry out the timedependent analysis necessary to observe a physical change such as aggregation. For a closed system undergoing aggregation, d and n are inversely related, because increases in particle size occur at the cost of total particle count. For a system known to generate fairly compact and spherical assemblies, 15 this is a reasonable assumption, yet admittedly this relationship becomes more nuanced for fractal assemblies. While certainly there are conditions where aggregation-induced particles will have these complex morphologies, we developed the technique here assuming a fairly compact particle. Therefore, when considering homogenous particles, n is no longer an independent variable, I ¼ f(d), and by monitoring the change in intensity throughout the reaction one can obtain an average value for d and directly observe particle growth. This forgoes the need for multiple angles and chromatographic separation thus enabling more direct characterization via low-cost instruments.
A major struggle facing light-scattering techniques is the characterization of a multimodal size distribution. A given particle size affords a predictable scattering profile, but the scattering profile is not readily mapped backwards to provide useful information on a mix of particle sizes. When two or more different scattering populations are present, the measured profile reflects a weighted average from all intensity sources. The calculated output inaccurately reports a single size in between its bimodal contributors 30 and favors the contribution of larger particles over smaller particles. 31 In practical terms, light-scattering techniques are susceptible to interference from extraneous particulates, namely dust. To address dust contamination, samples are usually subjected to sub-micron filters immediately before measuring, but this can unintentionally alter sample composition. The present work utilizes scattering measurements gathered on a fluorometer, which allows for the contribution from background dust present in solvent to be easily isolated from intensity totals by analyzing a blank. This makes the technique an ideal method for characterizing aggregating samples that are incompatible towards further purification.
The present method was applied to two distinct polymer systems, polystyrene (PS) and PNIPAm. Polystyrene particles were used to assess the model's accuracy and to gauge the effect of concentration, by serving as well characterized standards with hard diameters spanning the range of sizes expected of our aggregating PNIPAm samples of interest. PNIPAm was chosen for its ability to undergo reversible aggregation under easily controlled conditions. PNIPAm has LCST behavior, exhibiting different conformations at low versus high temperature. 32 When heated above approximately 32 C, reversible collapse and interchain aggregation occurs, switching from strongly H 2 O-solvated random coils to lipophilic aggregates of PNIPAm chains with an accompanied increase in scattering. While assembly begins within 60 s of crossing the LCST, the process can continue for over 1 h. 33 Conformational change is also further influenced by ionic strength or polymer interaction with metal ions. 23 Herein we detail a metal ion induced aggregation process of PNIPAm that is studied primarily by SOS. Scattering data are gathered with a fluorometer as aggregation proceeds and are interpreted with a Mie theory model. Aggregation is qualitatively confirmed by adjusting incident wavelengths and monitoring sample transmittance. The trends of aggregate growth, and calculated SOS size outputs, are corroborated by DLS and monodisperse particle size standards. Consideration is given to SOS wavelength choice and the influence of both refractive index (RI) and sample concentration are discussed.
Materials and Methods Chemicals
Unless otherwise stated all chemicals were purchased and used without further purification. N-2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT), N-isopropylacrylamide (NIPAm), dimethylformamide (DMF), azobisisobutyronitrile (AIBN), and 4-Morpholinepropanesulfonic acid (MOPS buffer) were purchased from Sigma-Aldrich. 4-Morpholineethanesulfonic acid (MES buffer) monohydrate was purchased from Research Organics, Inc. The pH of buffer solutions was measured using a Fisher Scientific Accumet pH Meter 910 and adjusted using NaOH. The NIPAm monomer was recrystallized twice from methanol before polymerization.
Preparation of PNIPAm
Linear PNIPAm was prepared by the reversible additionfragmentation chain transfer (RAFT) free-radical polymerization method. 34 The radical initiator:chain transfer agent mole ratio was 1 : 5. A typical preparation was as follows: 1.0165 g NIPAm (8.983 mmol), 0.79 mg AIBN (0.00481 mmol), and 0.0186 g DDMAT (0.0510 mmol) were combined in 2 mL DMF within a Schlenk flask. Oxygen was removed using three cycles of freeze -pump -thaw. The solution was heated to 80 C under nitrogen for 24 h. The reaction was quenched through exposure to atmosphere and solution was placed into 3500 molecular weight cut-off dialysis tubing to remove unreacted monomer. The tubing was held in a 500 mL water bath at ambient temperature with stirring for three days, during which bath volume was replaced at least six times at intervals no shorter than 6 h. PNIPAm was isolated as a pale-yellow solid under reduced pressure. Number average molecular weights, M n , were calculated by end group integrations using 1 H nuclear magnetic resonance (NMR) spectroscopy. 35 Spectra were gathered on a Varian Mercury 400 MHz 1 H NMR, 300 scans. PNIPAm batches used for scattering experiments were characterized as 8400 Da and 10 200 Da.
Preparation of Polystyrene Reference Particles
Monodisperse PS latex nanoparticles were prepared by seeded emulsion polymerization. 36 The smallest particle size, 52 nm, was prepared by first performing a batch emulsion polymerization with 10% of the recipe monomer to develop ''pre-seed'' particles by micellar nucleation, followed by semi-batch feeding of the remaining monomer under starve-fed conditions so as to specifically grow those pre-seed particles without further particle nucleation. This reaction was run in a 250 mL water-jacketed glass reactor at a reaction temperature of 70 C under nitrogen and with condenser to prevent monomer evaporation. The initial batch portion of the reaction utilized 10% of 55 g total styrene monomer along with 1.6 g of sodium dodecyl sulfate (SDS) for colloidal stability and 0.61 g potassium persulfate (KPS) as the anionic radical initiator. After 30 min of batch reaction, the remaining portion of the 55 g of styrene monomer was fed over 4 h to the reactor, then held at temperature for another 2 h to complete monomer conversion, producing PS latex of 26.5% solids content and 52 nm diameter particles (by volume) measured by DLS. This 52 nm latex of PS nanoparticles served as one reference particle, yet also was utilized as the seed for further volumetric growth to prepare the subsequent three larger particle sizes. Those were produced by seeded emulsion polymerization with defined stage ratios (SR ¼ mass ratio of new monomer fed to the existing seed particles relative to the seed particle mass) to target new diameters of 102 nm (SR 6.5), 155 nm (SR 2.7, based off of 102 nm seed), and 210 nm (SR 1.9, based off of 155 nm seed). All growth reactions were performed under conditions that ensured surfactant concentration was below the critical micelle concentration so as to prevent new particle formation and to exclusively grow existing particles. The resulting particle diameters (by volume) measured by DLS were in excellent agreement with targeted sizes (52, 101, 151, and 206 nm) with narrow polydispersity (1.20, 1.11, 1.15, 1.13, respectively). These particle sizes were also in agreement with analogous measurements by capillary hydrodynamic fractionation (CHDF), which is an analytical technique that does not rely on scattering.
Mie Theory Calculations
Calculations were performed using the interactive Mie Scattering Calculator, written by Scott Prahl and hosted by the Oregon Medical Laser Center. 37 Scattering efficiencies were utilized as provided. Angular-dependent scattering was obtained as a percentage by performing the Mie calculation using 360 total angles and dividing the intensity of the desired angle, in our case 90
, by the summation of intensities from all angles. Refractive index inputs were 1.45 for PNIPAm 38 and calculated according to wavelength for PS. 39 
Light Scattering Measurements
A Malvern Zetasizer Nano-ZS instrument DLS was used to gather DLS measurements. A total of 1 mL 0.05 mg/mL PNIPAm sample volume was placed from room temperature into a sample holder preheated to 35 C and data collection commenced. The instrument's internal optimization step introduces approximately a one-minute delay from initial heat exposure and data collection. SOS was measured using a Cary Eclipse fluorescence spectrophotometer. Emission wavelengths are set to double the chosen excitation wavelength. Cell temperature was controlled using a Cary single cell Peltier accessory. During each SOS run, a 3 mL PNIPAm sample was held at 25 C for 2 min before adjusting control settings to 30 C and allowing 2.5 min for temperature stabilization. Temperature control was then modified to 35 C and data collection was commenced. Although cell temperature could not be measured dynamically without disrupting scattering experiments, monitoring of cell temperature in control heating runs using a Fisher Scientific digital thermometer showed that the LCST temperature of 32 C was reached within 1 min and stabilized within 4 min. Polystyrene scattering experiments were performed at room temperature. A full description of sample preparation and instrument settings is located in the Supplemental Material.
Results

Light-Scattering Predictive Model and Validation
Based upon Mie Theory, 40 the present work models scattering intensity using three size dependent terms as shown in Eq. 1,
where K sc is the scattering efficiency, I y is angular dependence of scattering, and N is the relative number of scattering particles. I is the measured intensity and I max is the maximum of the observed peak in intensity. We have deliberately replaced the typical concentration term here with a related variable describing the number of scattering entities in the sample volume so as to account for dynamic aggregation of a closed system. K sc increases with both particle size and RI indicating a higher chance for particle-photon collisions to generate scattering events. The number of these collisions depends on N, which under aggregating conditions decreases with size as particles cluster. An entirely empirical approach was taken to determine the exponent of N. The small exponent may reflect an inner filter effect, i.e., attenuated signal transmittance arising from absorption or multiple scattering events. 41 At higher polymer concentrations, samples become increasingly turbid and observed trends invert with measured intensity eventually decreasing with concentration (see Supplemental Material).
The predicted relationship between average size and scattered light intensity exhibits two opposite trends. As shown in Fig. 1 , solid PS particles of various sizes generate a profile where intensity increases to a maximum as a function of the excitation wavelength and increasing particle size, with intensity diminishing afterwards. The exact same trends are produced during PNIPAm particle formation and aggregation over time, also shown pictorially overlaid on Fig. 1 . When particles are small compared to incident light, d < /20, scattering is nearly isotropic and behaves according to the Rayleigh model. With increasing d compared to , constructive and destructive interference are increasingly relevant, enhancing forward scattering intensity. 42 As aggregation proceeds, I y decreases with size at y ¼ 90 due to the growing anisotropic nature of scattering. Scattering intensity is dominated by K sc when d is small and by I y and N when d is large. Resultant intensity is expressed ratiometrically in order to account for instrumental variation. The necessary I max value is obtained directly from the analyzed spectrum and occurs when d ¼ 0.4. Particles >0.4 will only display a decreasing intensity with size, which is in agreement with the observations made by Mandyla et al. 28 Although samples examined here were generally <250 nm, larger particles could also be investigated by utilizing longer wavelengths. In summary, both increases and decreases in scattering intensity during particle aggregation are observed, as determined by the range of particle sizes attained and the scattering wavelength.
The model was tested by measuring the SOS of PS particles. Polystyrene was chosen because its RI can be reasonably estimated across a wide range of wavelengths, and it is an established analogue for particle modeling. 39 Our SOS model predictions assume that increases in size occur alongside a decrease in particle count. This process was simulated experimentally under controlled conditions by observing samples at fixed polymer concentration, 0.05 mg/mL, while selecting four different particle sizes, 52 nm, 101 nm, 151 nm, and 206 nm. Scattering measurements were then compared against model predictions (Fig. 2) . The intensity at 375 nm excitation for 151 nm particles could not be assigned as it exceeded the detection maximum and was therefore omitted from the model comparison. Agreement improves with higher intensity ratios becoming accurate to within 10% when I/I max > 0.4. The more complete characterization using 400 nm, 425 nm, and 450 nm wavelengths suggests closer agreement to within 6%. Second-Order Scattering and Dynamic Light Scattering Characterization of the Dynamic System, PNIPAm, and Divalent Metal Ion
In order to observe dynamics of particle formation, we studied the aggregation process of PNIPAm in the presence of divalent metal ions Zn(II) or Cu(II). Selection of Zn(II) or Cu(II) as aggregating agent was found to have little effect on polymer behavior and is discussed further below. At T ¼ 35 C, the SOS spectra of a PNIPAm/Zn(II) mixture exhibited time-dependence (Fig. 3) . The scattering increased to a peak value, then decreased according to a progressively slower aggregation rate. The time-dependence is consistent with a homogeneous suspension of particles whose size is increasing with time, as confirmed by variation of scattering wavelength and use of absorbance spectroscopy. When varying ex , the peak maxima moved to longer times with increasing wavelengths (Fig. 3) . Consistent with our model, at a longer ex scattering will be less for a given particle size d. The observed shift reflects the additional growth time needed to reach a larger particle size and it rules out time-dependent particle settling as a cause of the observed decrease in SOS intensity over time. Absorbance measurements displayed a monotonic increase in total scattering with time (Fig. 4) . The decrease in SOS at later time is best explained by a changing angular dependence rather than a decrease in total scattering.
To validate that an aggregation process was occurring, as well as the overall kinetics and growth trends, we investigated the identical process using DLS. When provided the same RI of 1.45 for PNIPAm, the DLS and SOS methods report quite similar particle growth trends (Fig. 5) . Further, the selection of Zn(II) versus Cu(II) in the aggregation process did not qualitatively affect particle size growth. However, due to the inherently greater affinity of Cu(II) for a given ligand relative to Zn(II) (approximately two orders of magnitude larger according to the IrvingWilliams series 43 ), studies with Zn(II) were conducted at 1 Â 10 À2 M Zn(II) versus 2 Â 10 À4 MCu(II). While the qualitative trends in Fig. 5 relating to the dynamic aggregation correlate quite nicely, systematic differences between the SOS and DLS outputs likely occur from different sensitivities of the two data analysis methods 44 to populations of larger particles in the distribution and instrument noise. Regarding sample size distribution, the SOS method does not resolve the range of particle sizes present and assumes perfect monodispersity for performing calculations. Because larger particles make a greater contribution to total scattering, samples with wider distributions have a bias towards higher values. We should also emphasize here that the DLS measurements were performed on a filtered sample, where the SOS measurements were not pre-filtered; it is well known that pre-filtering can influence size analysis with either positive or negative deviation, so we consider it an advantage that the SOS technique could be applied without introducing that process step.
Dependence of scattering upon the RI was investigated and found to minimally impact particle size predictions. Although the RI of PNIPAm is accepted as 1.45, the exact water content within PNIPAm particles is difficult to determine. 45 The value 1.45 was compared against 1.38, an exaggerated value chosen to represent an unreasonable contribution from water, to gauge the relevance of differing RI by as much as 0.07. The change in RI caused, on average, a 3-4% difference in calculated size (Fig. 6) . The same trend was found when the model was computed using RI in the range of 1.45-1.628 for PS. This suggests that the dependency of RI on wavelength affects particle size predictions minimally, considering that between 400 nm and 700 nm, the RI of PS shifts by a smaller margin of 0.045. 
Discussion
In order to report accurate results, the prediction model requires a contextually relevant intensity value to use as point of reference, I max . Should the sample never grow to the size corresponding to I max , or begin at even larger sizes above it, then one of two approaches must be taken. The first is to adjust sample conditions to induce the necessary size and use the acquired value for the spectrum of interest, in which case care must be taken not to alter particle concentration. The alternative approach is to bring I max into the appropriate size range by selecting a different wavelength. This strategy is limited when resolving small particle sizes, as many functional groups absorb in the ultraviolet regions.
The SOS method has considerable advantages relative to the DLS method. In order to perform DLS measurements, dust must be removed from samples, whereby typical filtering in our hands proved incompatible because even 400 nm disk filters rendered sample concentration too low to measure. Dynamic light scattering samples had to be prepared by pre-filtering solvents used to prepare solutions, but only to intermittent success. When tested by SOS, intensities decreased significantly post filtering but remained considerably above the limit of quantization. The insensitivity towards large particle contamination, such as dust, is a consequence of the angular dependence of the Mie scattering term (Eq. 1). For sizes larger than d ¼ 0.4 the I y term dominates scattering behavior. Although the total scattering increases dramatically with particle size because the SOS method measures at y ¼ 90 , the observed intensity contribution from large contaminants remains negligible.
Second-order scattering concentration limits were compared to DLS using identical sample preparations. Secondorder scattering data remained above limit of quantization for polymer concentrations as low as 2.5 mg/mL. This could be driven further to 1 mg/mL by observing the scattered light directly, em ¼ ex , in order to increase measured intensities, and extending signal averaging to 20 s to address the high noise present at such low concentration. At the same concentration, DLS was unable acquire sufficient signal for appropriate interpretation (Figs. S6 and S7 ). Outputs deviated sharply from observed concentration trends and were as expected for samples below required concentration limits.
Conclusion
In summary, we report that the dynamic aggregation of PNIPAm by divalent metal ions is effectively characterized by SOS. For samples that are following a well-defined particle growth path, this well-known technique is efficient and accurate. Importantly, the method is resistant to interference by large-particles, and operates at concentrations as low as 2.5 mg/mL. Figure 6 . Relative difference between SOS calculated intensities using RI of 1.45, 1.378, and 1.628.
